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APPLICATIONS AND METHODS OF 
OPERATING A THREE-DIMENSIONAL 
NANO-ELECTRO-MECHANICAL 
RESONATOR AND RELATED DEVICES 

5 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to U.S. Provisional 
Application No. 61/294,769 entitled “Carbon Nanofiber 10 
based High Frequency, High Q, Miniaturized Mechanical 
Resonators”, filed on Jan. 13, 2010, which is incorporated 
herein by reference in its entirety. The present application 
may be related to U.S. Pat. No. 7,446,044 entitled “Carbon 
Nano tube Switches for Memory, RF Communications and 15 
Sensing Applications, and Methods of Making the Same”, 
issued on Nov. 4, 2008, which claims priority to U.S. Provi- 
sional Application No. 60/718,585 entitled “Nanotube based 
RF Switch, Tunable Capacitor and ESD Sensor”, filed on Sep. 

19, 2005, and also claims priority to U.S. Provisional Appli- 20 
cation No. 60/797,735 entitled “Nanotube based RF Switch, 
Tunable Capacitor and ESD Sensor”, filed on May 3, 2006. 
the disclosures of which are each incorporated herein by 
reference in their entirety. The present application may also 
be related to U.S. patent application Ser. No. 12/694,235 25 
entitled “Nanotubes and Related Manufacturing Processes,” 
filed on Jan. 26, 2010, which claims priority to U.S. Provi- 
sional Application No. 61/206,1 15 entitled “High Through- 
put Nano-Manufacturability for the Formation of Single, Ver- 
tically Aligned Carbon Nanotubes in 3D Nanoscale 30 
Architectures for Electronics and Sensing Applications”, 
filed on Jan. 28, 2009, the disclosures of which are each 
incorporated herein by reference in their entirety. The present 
application may also be related to U.S. patent application Ser. 

No. 12/849,784 entitled “Nano-electro-mechanical Switches 35 
Using Three-Dimensional Sidewall-Conductive Carbon 
Nanofibers and Method for Making the Same”, filed on Aug. 

3, 2010, which claims priority to U.S. Provisional Applica- 
tion No. 61/240,602, entitled “Carbon Nanofibers Synthe- 
sized on Selective Substrates for Nonvolatile Memory and 3D 40 
Electronics Applications”, filed on Sep. 8, 2009, the disclo- 
sures of which are each incorporated herein by reference in 
their entirety. 

STATEMENT OF GOVERNMENT GRANT 45 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 USC 202) in which the 
Contractor has elected to retain title. 50 

FIELD 

The present disclosure relates to carbon nanotubes, carbon 
nano fibers and nanoscale devices. In particular, it relates to 55 
applications and methods of operating a three-dimensional 
nano-electro-mechanical resonator and related devices. 

BACKGROUND 

60 

In electronic resonators based on Si integrated circuits, 
continued reduction in device dimensions results in resistive 
loss increase and thus Q value decrease. Hence, Q values of 
small dimension electronic resonators may be lower than 
desired for some applications. Such loss mechanisms for Q 65 
values are absent, on the other hand, for mechanical resona- 
tors such as bulk acoustic wave (BAW) and surface acoustic 
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wave (SAW) resonators since size reduction in mechanical 
devices is more limited. Therefore, higher Q values for both 
BAW and SAW resonators are possible compared to their 
electronic counterparts (see reference 1 , incorporated herein 
by reference in its entirety). 

Mechanical resonators also tend to have higher radiation 
tolerance, a factor which can make them suitable for higher 
radiation applications such as satellite and space applications. 
However, both BAW and SAW resonators involve low reso- 
nant frequencies and are also physically large, which pre- 
cludes their integration into miniaturized electronic systems. 

SUMMARY 

According to a first aspect, a method of operating a nano- 
electro-mechanical resonator is provided, comprising: pro- 
viding the nano-electro-mechanical resonator, wherein the 
nano-electro-mechanical resonator comprises: a first electri- 
cal conductor; and a second electrical conductor comprising 
at least one carbon nanofiber; applying a voltage signal con- 
taining an alternating current component between the first 
and the second electrical conductor; and producing mechani- 
cal resonance on the second electrical conductor via the volt- 
age signal, thus operating the nano-electro-mechanical reso- 
nator. 

According to a second aspect, a method of operating a 
nano-electro-mechanical resonator as a chemical detector is 
provided, comprising: providing a nano-electro-mechanical 
resonator, wherein the nano-electro-mechanical resonator 
comprises: a first electrical conductor; and a second electrical 
conductor comprising at least one carbon nanofiber with a 
functionalized layer suitable for binding to at least one 
selected type of chemical species, wherein the at least one 
selected type of chemical species is in a chemical -containing 
fluid; applying a voltage signal containing an alternating cur- 
rent component between the first and the second electrical 
conductor; producing a first mechanical resonance on the 
second electrical conductor by the voltage signal; contacting 
the chemical-containing fluid with the nano-electro-me- 
chanical resonator such that the at least one selected type of 
chemical species binds to the functionalized layer of the 
second electrical conductor; producing a second mechanical 
resonance on the second electrical conductor, wherein the 
second mechanical resonance is different from the first 
mechanical resonance; and detecting the at least one selected 
type of chemical species in the chemical-containing fluid to 
the functionalized layer of the second electrical conductor, 
wherein the detecting comprises binding of the at least one 
selected type of chemical species to the functionalized layer 
and changing mass of the second electrical conductor, and 
wherein the changing mass produces the second mechanical 
resonance. 

According to a third aspect, a nano-electro-mechanical 
resonator is provided, comprising: a first electrical conductor; 
and a second electrical conductor comprising at least one 
carbon nanofiber, the second electrical conductor positioned 
at a gap width from the first electrical conductor and posi- 
tioned at a coupling length with the first electrical conductor, 
wherein the first and the second electrical conductor are con- 
figured to electro-mechanically couple when a voltage signal 
containing an alternating current component is applied 
between the first and the second electrical conductor, and 
wherein a first mechanical resonance is produced on the sec- 
ond electrical conductor, thus forming a nano-electro-me- 
chanical resonator. 

BRIEF DESCRIPTION OF DRAWINGS 

The accompanying drawings, which are incorporated into 
and constitute a part of this specification, illustrate one or 
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more embodiments of the present disclosure and, together 
with the description of example embodiments, serve to 
explain the principles and implementations of the disclosure. 

FIG. 1A shows a cross-sectional view of an exemplary 
three-dimensional (3D) nano-electro-mechanical resonator 
(NEMR). 

FIG. IB shows a scanning electron microscope picture of 
an exemplary 3D NEMR. 

FIG. 2 shows an exemplary carbon nanofiber (CNF) of a 
3D NEMR at resonance. Specifically, first three harmonic 
modes of resonance for the exemplary CNF are shown. 

FIG. 3A shows a plot of resonant frequency for the first 
three harmonic modes of an exemplary CNF, and compares 
the resonant frequencies to those of nanofibers made of con- 
ventional materials such as aluminum and steel. 

FIG. 3B shows a plot of alternating current (AC) capaci- 
tance as a function of frequency for an exemplary NEMR at 
various coupling lengths. 

FIG. 4A shows amplitude of mechanical deflection for a 
CNF at its first harmonic mode of resonance in an exemplary 
NEMR as a function of frequency of an applied AC signal. 

FIG. 4B shows the AC capacitance of an exemplary simu- 
lated NEMR with a CNF of nominal geometry for various DC 
bias solutions. 

FIG. 5 shows phase difference between an electro-me- 
chanical resonance signal of the NEMR and the AC compo- 
nent of the applied voltage signal at the input. 

FIG. 6A shows the vibration amplitude of an exemplary 
simulated NEMR as a function of coupling length. 

FIG. 6B shows the vibration amplitude of an exemplary 
simulated NEMR as a function of gap width. 

FIG. 7A shows a scanning electron microscope picture of 
an exemplary NEMR at a gap width greater than a threshold 
gap width. In this case, no mechanical resonance is observed. 

FIG. 7B shows a scanning electron microscope picture of 
an exemplary NEMR at a gap width smaller than the thresh- 
old gap width. In this case, mechanical resonance is observed 
in the CNF. 

FIG. 8 shows a scanning electron microscope picture of an 
exemplary NEMR at a gap width smaller than the threshold 
gap width. In this case, mechanical resonance with large 
amplitude equivalent to several times the diameter of the CNF 
is observed. 

FIG. 9 shows a perspective view of a schematic of an 
exemplary NEMR configured as a frequency filter. A broad- 
band input signal to and the narrowband output signal of the 
frequency filter are also shown. 

FIG. 1 0 shows a schematic of an exemplary frequency filter 
system made by a series of n frequency filters, where FIG. 9 
shows an exemplary frequency filter. 

FIG. 11 shows a perspective view of a schematic of an 
exemplary nano-electro-mechanical chemical detector utiliz- 
ing an NEMR. A graph showing resonant frequencies of the 
functionalized CNF, before and after target species binding, is 
also provided. 

FIG. 12A shows a scanning electron microscope picture of 
an exemplary NEMR comprising a CNF and a nanoprobe. 

FIG. 12B shows a scanning electron microscope picture of 
an exemplary NEMR comprising a CNF and a nanoprobe, 
where the nanoprobe bends the CNF but does not cause any 
visible delamination or fracturing. 

FIG. 12C shows a scanning electron microscope picture of 
an exemplary NEMR comprising a CNF and a nanoprobe, 
where the CNF returns elastically to its initial straight posi- 
tion with no visible fracturing or delamination. 

FIG. 13 shows a schematic of an exemplary optical system 
for reading the resonance of an NEMR. 
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DETAILED DESCRIPTION 

To address issues such as low Q value generally associated 
with electronic resonators as well as low resonant frequency 
5 and large size generally associated with mechanical resona- 
tors, new materials and technologies, especially those which 
target high frequency regimes, such as the Gigahertz (GHz) 
range, are intensively being investigated. Generally speaking, 
desirable materials and technologies may have characteristics 
10 of high frequency operation, low power consumption, and 
small size. 

In tins regard, micro-electro-mechanical (MEM) resonator 
technologies have been addressing the issues by utilizing 
j - microscale feature sizes formed using conventional microma- 
chining technology (see references 2 and 3, incorporated 
herein by reference in their entirety). Nanoscale structures, 
such as carbon nanofibers, have the potential to increase 
resonant frequencies and Q values even further due to their 
20 higher aspect ratios and inherently higher elastic modulus 
when compared to Si or metallic structures typically used in 
MEM resonators. Such nanoscale structures can be used in 
applications that involve any of high force constants, high 
responsivity, improved sensitivity, tunability, low loss (high 
25 Q). low power consumption, and small size. 

Nanoscale resonators based on nano-electro-mechanical 
structures have recently been demonstrated using top-down, 
lithographically fabricated approaches to form cantilever or 
bridge-type structures (see references 4 and 5, incorporated 
30 herein by reference in their entirety). Top-down approaches 
generally involve complicated and expensive e-beam lithog- 
raphy as well as a release mechanism. 

Resonance effects in structures synthesized using bottom- 
up approaches have also recently been reported. For example, 
35 single-walled carbon nanotubes or multi -walled carbonnano- 
mbes, where the nanotubes were laterally suspended across a 
trench, have been driven into resonance using a mixing tech- 
nique with the substrate acting as a gate electrode (see refer- 
ences 6 and 7, incorporated herein by reference in their 
40 entirety). In earlier reports, resonance effects have been 
observed in multi-walled carbon nanotubes that were ran- 
domly oriented out of the plane of the substrate (see reference 
8, incorporated herein by reference in its entirety). 

In what follows, applications and methods of operating a 
45 three-dimensional nano-electro-mechanical resonator and 
related devices are described in accordance with various 
embodiments of the present disclosure. Specifically, Appli- 
cants describe resonance in single, vertically aligned carbon 
nano fibers fabricated using a bottom-up approach, where the 
50 vertical orientation of the carbon nanofibers and the three- 
dimensional configuration have the potential to increase inte- 
gration density even further for system-level applications. 

Applicants’ AC modeling analysis utilizes COMSOL Mul- 
tiphysics, which is a commercially available finite element 
55 simulator (see reference 9, incorporated herein by reference 
in its entirety). Further, Applicants describe in-situ observa- 
tion, conducted using a scanning-electron-microscope 
(SEM), of mechanical resonances in individual carbon nano- 
tubes. 

60 The term “carbon nanofiber(s)” can be used interchange- 
ably with “carbon nanotube(s)” and “carbon nanowire(s)”. 
The term “carbon nanofiber(s)” or CNF (s) is defined herein as 
any fiber, tube or wire made of primarily carbon and has 
nanoscale diameter (also referred to as width). Specifically 
65 the diameter of the CNF can be between 8 nm and 500 nm. 
Length of the CNF can be few nanometers to several microns 
long or longer. 
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Also for clarity purposes, the term “nano-electro-mechani- 
cal resonator” or NEMR refers herein to a three-dimensional 
nano-electro-mechanical resonator comprising at least one 
CNF. The NEMR is described in the present disclosure in 
various embodiments with a single carbon nanofiber, but can 5 
be fabricated and operated with multiple carbon nanofibers in 
bundles or arrays. The NEMR may comprise nanofibers made 
from materials such as silicon or germanium. 

Carbon nanotubes typically have an elongated cylindrical 
form with respect to its diameter and are generally hollow, to 
CNFs are also elongated and cylindrical in form with high 
aspect ratio and may be hollow or solid depending on synthe- 
sis conditions. Transmission-electron-micrographs (TEM) of 
the CNFs of the present disclosure indicate that graphene 
layers are inclined to the central axis with a cone angle of 25 15 
degrees as shown in reference 1 1 (incorporated herein by 
reference in its entirety). 

The CNFs of the present disclosure can be well adhered to 
the substrate, as shown in FIGS. 12A, 12B, and 12C. A 
nanoprobe is used to mechanically deflect a single CNF and 20 
cause bending of the CNF. The CNF undergoes bending 
angles <() as large as 70 degrees (see FIG. 12B) and returns 
elastically to its initial position (see FIG. 12C) without 
delaminating from the substrate and without fracturing the 
CNF body. Multiple bending cycles have been observed, and 25 
the result suggests the CNFs of the present disclosure are 
robust and suited for resonator applications, where it would 
undergo a large number of vibrations during operation. 

FIG. 1A shows a cross-sectional view of a nano-electro- 
mechanical resonator (NEMR) (105), according to one 30 
embodiment of the present disclosure, comprising a CNF 
(110) and a nanoprobe (120), where both the CNF (110) and 
the nanoprobe (120) are surrounded by a solution (130). 
Other embodiments of the present disclosure may use a sec- 
ond CNF (not shown) or a metal rod (not shown) or other 35 
conducting materials in place of the nanoprobe (120). In the 
embodiment with one CNF, the CNF (110) is positioned with 
a gap width (160) and a coupling length (170) to the nano- 
probe (120) as indicated in FIG. 1 A, and can be on a substrate 
(not shown in FIG. 1 A). The CNF (1 1 0) has a diameter (150) 40 
and a length (140). 

FIG. IB shows an SEM image of an NEMR (105) com- 
prising a vertically aligned CNF (110) synthesized at nominal 
growth conditions (discussed in the next paragraph) on a Si 
substrate (180). The SEM image was taken on a sample 45 
mounted on a 45° beveled holder. The NEMR (105) also 
comprises a nanoprobe (120). 

According to an embodiment of the present disclosure, 
with continued reference to FIG. IB, the CNF (110) can be 
fabricated on a Si wafer substrate (180) with pre-pattemed Ni 50 
catalyst islands (not shown) in a plasma-enhanced chemical 
vapor deposition (PECVD) growth system. By way of 
example and not of limitation, high purity acetylene (C 2 F1 2 ) 
and ammonia (NH 3 ) can be introduced at 700° C., which can 
serve as the carbon feedstock and diluent gas, respectively, to 55 
the PECVD system. In some embodiments, DC discharge of 
the PECVD system can be ignited at a power of around 200 W 
and growth can be carried out for a fixed duration when the 
desired growth pressure has been attained (around 5 Torr). 
The CNF (110) may be substantially perpendicular to the 60 
substrate (180). More details regarding fabrication tech- 
niques can be found in cross-referenced U.S. patent applica- 
tion Ser. No. 12/694,235 for “Nanohibes and Related Manu- 
facturing Processes,” filed on Jan. 26, 2010. 

TheCNF (llO)mayormaynothaveconductivesidewalls. 65 
The substrate (180) may or may not be covered by additional 
layers, such as niobium titanium nitride (NbTiN) or silicon 
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dioxide (SiO,). Whereas cross-referenced U.S. patent appli- 
cation Ser. No. 12/849,784 for “Nano-electro-mechanical 
Switches Using Three-Dimensional Sidewall-Conductive 
Carbon Nanofibers and Method for Making the Same,” filed 
on Aug. 3, 2010, discloses conductive sidewalls and sub- 
strates for some applications with direct current (DC) input 
voltage, the NEMR of the present disclosure is not limited to 
conductive sidewalls and substrates. 

In accordance with a further embodiment of the disclosure 
and with continued reference to FIG. IB, the nanoprobe (120) 
can be made of tungsten and can be used to make in-situ 
measurements on the CNF (110) on the substrate (180) 
mounted on a nanomanipulator nanoprobe stage inside an 
SEM. The solution (130 of FIG. 1A) surrounding the NEMR 
(105) can be vacuum or a fluid. The nanoprobe (120) can be 
used to make one of the two terminal contacts of the CNF 
(110), where the substrate (180) can serve as the other termi- 
nal (usually ground). The person skilled in the art will under- 
stand that such an experimental technique (fabrication and 
measurement method) is exemplary and others can be pro- 
vided and utilized. 

Referring to FIG. 1A and in one embodiment of the dis- 
closure, simulations of a vertically oriented CNF (110) can be 
performed using COMSOL Multiphysics. The simulations 
can be performed in a two-dimensional (2D) geometry to 
minimize computational complexity. By way of example and 
not of limitation, the CNF (110) can be assumed to have a 
uniform density p of around 1 .5 g/cm 3 , elastic modulus E b of 
around 600 GPa, relative permittivity £,. of around 5.0, and 
Poisson’s ratio v of around 0.2. Although the relative permit- 
tivity and Poisson’s ratio may not be known accurately, a 
sensitivity analysis in COMSOL can show that the resonant 
frequency does not depend strongly on these parameters. The 
solution (130) which surrounds the NEMR (105) is assumed 
to be a vacuum in the simulations. 

With continued reference to FIG. 1 A, structural strain and 
deflection of the CNF (110) can be obtained from the simu- 
lations from electrostatic interaction between the CNF (110) 
and the nanoprobe (120) in proximity to the CNF (110). In the 
simulation, the CNF resonator (110) tip and body are not 
spatially constrained, while all other surfaces are physically 
fixed at a position (including the CNF (110) base which can 
be fixed on a substrate (not shown in FIG. 1A)). 

In one embodiment of the disclosure, the simulation con- 
ditions are mechanically analogous to a fixed cantilevered 
beam adjacent to the nanoprobe (120), where the nanoprobe 
(120) can be assumed to have infinite stiffness and infinite 
thickness. By way of example and not of limitation, electro- 
static boundary conditions can be chosen such that the CNF 
(110) is electrically grounded and an alternating current (AC) 
voltage is applied to the nanoprobe (120). In addition, all 
other boundaries and surfaces can be assumed to have zero net 
electrical charge in FIG. 1A. 

In a further embodiment of the disclosure, the resonant 
frequencies of the CNF (110) of the NEMR (105) in FIG. 1A 
can be derived from vibration analysis (see reference 10, 
incorporated herein by reference in its entirety) using an 
analytical calculation to determine the harmonic modes (also 
known as eigenmodes) of resonance of the CNF (110) via 
COMSOL Multiphysics and by using a model of the AC 
voltage developed in COMSOL. FIG. 2 shows deflection of 
the CNF resonator (110 in FIG. 1A) for each of the first three 
harmonic modes of resonance, where the results agreed with 
those expected qualitatively from classical vibration analysis. 

In an exemplary embodiment, the AC voltage applied to the 
nanoprobe (120) of FIG. 1A includes an additional direct 
current (DC) component ( V / li .« 1 V), which facilitates faster 
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convergence of the simulation solution than the AC voltage 
without the DC component. The DC component of the volt- 
age signal attracts the CNF (110) to the nanoprobe (120) due 
to an attractive electrostatic force and thus causes greater 
coupling, which aids in the convergence of the simulation 5 
solution. The exemplary embodiment utilizes the AC voltage 
applied to the nanoprobe (120) with a DC component and 
utilizes the frequency response of the CNF (110) to monitor 
the amplitude of defection, phase, and capacitance of the 
CNF (110). 1C 

Analytical Model and Comparison to COMSOL 

Vibration analysis (see reference 10) allows the Applicants 
to develop an expression for the resonant modes of a cantile- 
vered beam. In the case of a CNF (110) and with continued 15 
reference to FIG. 1A, the resonant frequency of the j' ; ' har- 
monic is described by Equation (1) as follows (see reference 
8 ), 



1 , 2 , 3 , ... 


20 

( 1 ) 


where L is the CNF length (140), E A (also denoted simply as 2 5 
E) is the elastic modulus of the CNF (110), and p is the density 
of the CNF (110). Outer (150) and inner diameters of the CNF 
are denoted by D a and D, respectively, and [j ; is a constant for 
the j* harmonic oo \ p where (3^=1 .875, p 2 =4.694, p 3 =7.855, 
such that: 30 



as taken from reference 10. Here E, I, m and L are the elastic 
modulus, moment of inertia, mass and length of a cantile- 
vered beam, respectively. The Bemoulli-Euler analysis for a 
cantilevered elastic beam yields the solution shown in Equa- 40 
tion ( 1 ) . For the CNF grown using plasma-enhanced chemical 
vapor deposition (PECVD), it was assumed that the inner 
diameter D, is nearly 0 mn, since PECVD synthesized CNFs 
are generally not hollow (although increase in the hydrogen 
ratio during growth causes the cone angle to increase and thus 45 
can increase the potential for hollow CNFs). 

The Applicants determine the first three harmonic modes 
of resonance for a CNF using Equation (1) (assuming E fe of 
around 1 TPa). Measurements of elastic modulus on the 
CNFs reveal values close to 0.9 TPa (reference 10). The first 50 
three harmonic modes of resonance are also calculated for 
aluminum and mild steel, both of which have a lower elastic 
modulus than carbon, and shown in FIG. 3A. FIG. 3A shows 
that, for high elastic modulus CNF, resonant frequencies in 
the himdreds of MHz to tens of GHz are possible. FIG. 3A 55 
also shows that the resonant frequency of the CNF is around 
five times larger than that determined when using other mate- 
rials. 

Referring back to FIG. 1A, dependence of the CNF reso- 
nant frequency and AC capacitance are also examined as a 60 
function of coupling length (170) between the nanoprobe 
(120) and the CNF (110) of the NEMR (105). As shown in 
FIG. 3B, the AC capacitance tended to increase with coupling 
length (170), indicated as “C” in FIG. 3B. Consequently, 
capacitance can be scaled by adjusting the coupling length 65 
(170), as a standard parallel plate capacitor model would 
suggest. 


Phase and AC Capacitance 

FIG. 4A shows the frequency dependence of the CNF tip 
deflection, where a peak is seen at resonance. The inset shows 
that a broadband AC signal is present at the input. Specifi- 
cally, FIG. 4A shows that when an applied AC signal below 
the first harmonic is applied to the nanoprobe, a small 
mechanical deflection at the tip of the CNF can be observed. 
At the first harmonic mode of resonance, the amplitude of tip 
deflection peaks. 

In contrast, tip deflection corresponding to the second har- 
monic (also shown in FIG. 4A) and higher harmonics (not 
shown) is smaller relative to that of the first harmonic mode. 
It should be noted that for a broadband AC signal on the 
nanoprobe, maximal deflection in the CNF occurred only 
when the frequency of the incoming signal is near or equal to 
the mechanical resonant frequency of the CNF in the NEMR. 
Since the CNF is significantly coupling to an AC signal when 
the frequency of the AC signal is near or equal to the mechani- 
cal resonant frequency of the CNF and insignificantly cou- 
pling at other frequencies, such frequency dependence can be 
useful for frequency filtering applications such as in commu- 
nications systems. 

FIG. 4B shows the AC capacitance of the CNF as a function 
of a DC bias solution, where the AC signal has an amplitude 
V AC =1 V. Simulations of the AC capacitance of the system 
shows that for DC biases of less than around 100 mV, no 
change in AC capacitance is found. For V DC > 100 mV, the AC 
capacitance of the CNF changes significantly near the first 
harmonic mode of resonance and approaches an asymptotic 
limit at the first harmonic mode of resonance, but is approxi- 
mately constant above and below the frequency attributed to 
the first harmonic mode of resonance. It is assumed that for 
small DC bias solutions ( V^.4 I V^ c l <V PI , where V p/ is the 
pull-in voltage, the voltage at which the nanoprobe will cause 
the CNF to pull in and stay in contact with the nanoprobe), the 
shape of the CNF resonator’s frequency response does not 
change. 

With continued reference to FIG. 4B, the AC capacitance 
of a simulated NEMR with a CNF of nominal geometry for 
various DC bias solutions suggests that DC bias behaves as a 
gating voltage in controlling the onset of AC capacitance 
change at the frequency corresponding to a harmonic mode of 
resonance. Consequently, the resonance behavior of the CNF 
enabled by the AC capacitance change can be turned ON and 
OFF by adjusting the DC bias (shown as V DC in FIG. 4B). The 
data shows that a DC bias greater than a gating voltage, which 
is the case for V DC =1 V, allows the CNF to demonstrate AC 
capacitance involved in resonance, while a DC bias smaller 
than a gating voltage, which is the case for V DC = ^ 00 mV, does 
not cause the CNF to show AC capacitance change at the 
resonant frequency. This dependence of the AC capacitance 
on the DC bias may be a result of charge accumulating on the 
CNF surface. 

FIG. 5 shows phase difference between an electro-me- 
chanical resonance signal of the CNF tip of the NEMR and 
the AC component of the voltage signal applied to the nano- 
probe (120) of FIG. 1A. At the first harmonic frequency of 
resonance (around 7.7x10 s Hz), the phase of the electro- 
mechanical resonance signal at the CNF tip shifts by 180° 
with respect to the applied signal. Consequently, this phase 
shift could serve as an indicator of resonance in various physi- 
cal applications. 

Resonance Dependence on Geometry 

Referring back to FIG. 1A, the coupling length (170) and 
the gap width (160) can be varied experimentally via use of a 
nanomanipulator probe stage. Therefore, COMSOL simula- 
tions are conducted to investigate the impact of the coupling 
length (170) and the gap width (160) on the behavior of the 



US 8,435,798 B2 


9 

NEMR (105) comprising a CNF (110). The dependence of 
the CNF vibration amplitude as a function of the coupling 
length (170) is shown in FIG. 6A with coupling length (170) 
indicated as “C”. FIG. 6A shows that as coupling length (170) 
increases, the vibration amplitude also increases linearly. 5 
FIG. 6A also shows that a minimum coupling length is 
required for the NEMR to exhibit significant vibrational 
amplitude in resonance. 

The inset shows the amplitude as a function of the fre- 
quency for two separate coupling lengths (170 of FIG. 1 A). It 1 0 
should be noted that the Q value is higher for the larger 
coupling length of 2000 mn than the smaller coupling length 
of 300 nm. 

FIG. 6B shows the vibration amplitude as a function of gap [ . 
width (160 of FIG. 1A). FIG. 6B indicates that as the nano- 
probe (120 of FIG. 1A) is moved further away from the CNF 
(110 of FIG. 1A) as shown with increasing gap width (160 of 
FIG. 1A), the vibration amplitude decreases. Gap width is 
referred to as probe-to-tube gap or “G” in FIG. 6B. Specifi- 20 
cally, FIG. 6B shows a 1/G 2 trend between G and the deflec- 
tion amplitude. The inset in FIG. 6B indicates that the ampli- 
tude is maximal at the resonant frequency and that the smaller 
gap width, G, of around 30 11 m yields a higher Q than the 
larger gap width G of around 1 50 mn. 25 

In-Situ Observations of Resonance 

In one embodiment of the present disclosure, as shown in 
FIG. 7A, at a gap distance larger than a threshold gap distance 
between the CNF (110) and the nanoprobe (120), there is no 
observed mechanical vibration indicating resonance 30 
although the CNF is not perfectly straight along its body, as 
the low magnification image in FIG. 7A also indicates. 

FIG. 7B shows the nanoprobe (120) as it is brought into 
proximity to the CNF (110). Mechanical vibrations are 
induced in the CNF (110). FIG. 8 shows larger amplitude 35 
deflections in the CNF (110), where the deflections are sev- 
eral times larger in magnitude than the diameter of the CNF 
(110). These in-situ observations of resonance in individual, 
vertically oriented tubes confirm the simulation trends 
obtained using COMSOL Multiphysics concerning gap 40 
width as shown in FIG. 6B. Specifically, a gap width smaller 
than a threshold gap width is required for significant 
mechanical vibration of the CNF at resonance for the NEMR. 

In general, the results suggest that vertically oriented CNFs 
can be used in forming high Q, high frequency NEMRs with 45 
a smaller footprint due to the CNFs’ three-dimensional archi- 
tecture, which increases integration density by 10-100x. 

EXAMPLES 

50 

FIG. 9 shows a perspective view of a schematic of an 
NEMR configured as a frequency filter. The NEMR com- 
prises a CNF (910), an input conductive microstrip line (920), 
an output conductive microstrip line (930), a dielectric layer 
(940), a metal layer (950) and a silicon substrate (980). The 55 
metal layer (950) can be used to ground the CNF (910) while 
the dielectric layer (940) serves to insulate the input conduc- 
tive microstrip line (920) and the output conductive micros- 
trip line (930) from the metal layer (950). A broadband RF 
signal (960) can be directed to the CNF (910) by the input 60 
conductive microstrip line (920). As shown by the simulation 
results in FIG. 4A, only the resonant frequency in a broad- 
band input signal will be coupled to the CNF (910). The 
mechanical resonance of the CNF (910) can be coupled to the 
output conductive microstrip line (930) and produce a nar- 65 
rowband RF signal output (970) at the resonant frequency 
shown as f a in FIG. 9. 
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FIG. 10 shows a schematic of a frequency filter system 
made by a series of n frequency filters, where FIG. 9 shows an 
exemplary frequency filter. The NEMR frequency filters can 
be used in the RF front-end of a transceiver for routing and 
transmitting data at a wide bandwidth (spanning frequencies 
of filter 1 through filter n). Resonant frequency of each 
NEMR can be tuned based on selecting the length and diam- 
eter of the CNF. The diameter of the CNF can be reduced by 
decreasing the thickness of the catalyst used. Also the type of 
catalyst used will determine in certain cases whether a CNT 
or CNF results during PECVD synthesis. In the case of Ni 
catalyst, CNFs are typically formed. In the case of Co/Ti 
catalyst, the probability of forming multi-walled carbon 
nanotubes (MWCNTs) or double-walled carbon nano tubes 
(DWCNTs) is increased. Besides length and diameter, the 
resonant frequency can also be impacted by the mass or 
degree of hollowness present in the nanotubes which will 
differ in the case of MWCNT, DWCNTs or CNFs, and their 
related surface characteristics. The resonant frequency pos- 
sible for CNFs and carbon nanotubes (e.g., MWCNTs and 
DWCNTs) allow for a highly integrated, ultra-low power, 
high data rate, and wide bandwidth NEMR based transceiver 
architecture. 

It is noted that the hydrogen gas ratio can be changed to 
result in a hollow CNF with a catalyst such as Ni. By using a 
thin Ni film (around 2-5 nm), one can generate hollow CNFs 
with thinner diameter. An alternate catalyst system such as 
Co/Ti can also be utilized to increase the likelihood to yield 
hollow CNFs (MWCNT or DWCNTs) with the PECVD syn- 
thesis technique in order to tune resonant frequency. Hollow 
CNFs can have different spring constant to mass ratio, result- 
ing in different resonant frequency, compared to non-hollow 
CNFs. 

FIG. 11 shows a perspective view of yet another possible 
application of the NEMR as a nano-electro-mechanical 
chemical detector (NEMCD), and also shows a resonant fre- 
quency graph. Just as in FIG. 9. the NEMCD comprises an 
input conductive microstrip line (920), an output conductive 
microstrip line (930), a dielectric layer (940), a metal layer 
(950) and a silicon substrate (980). The CNF (1110) of the 
NEMCD, however, comprises a functionalized layer (1115) 
that surrounds the CNF (1110) and provides binding sites for 
one or more selected or targeted chemical species (1125) or 
molecules as shown in the upper inset in FIG. 11. 

When a chemical-containing fluid is introduced to the 
NEMCD, the fluid being a vapor or liquid, the selected chemi- 
cal species (1125) will selectively bind to the surface of the 
CNF (1110) and the mass increase of the CNF (1110) will 
shift the resonant frequency lower. Thus, the chemical species 
(1125) can be detected, and the concentration of the chemical 
species (1125) can be quantified by measuring change in 
resonant frequency. 

The initial, pre-binding resonant frequency (f 0 ) and the 
post-binding resonant frequency ( f m ) as shown in FIG. 1 1 can 
be measured, utilizing capacitive sensing, by mechanical- 
electrical coupling between the CNF (1110) and the output 
conductive microstrip line (930) as previously described in 
FIG. 9. 

The NEMCD and other NEMR can also utilize other forms 
of inputs and outputs in its integration into microscale and 
nanoscale circuits. For example, the input and output can have 
opto-electrical components. FIG. 13 shows that an exemplary 
embodiment where the mechanical resonance of the NEMR 
can be optically detected utilizing laser interference sensing 
of the deflection to convert the mechanical signal into an 
optical signal that can be measured by an optical detector and 
used in an optical circuit. 
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FIG. 13 shows light from a laser beam emitted into one 
branch of a first directional coupler ( 1320 ). The first direc- 
tional coupler ( 1320 ) divides the laser beam into a reference 
beam ( 1330 ) and a measurement beam ( 1340 ). The light 
reflected from a vibrating CNF ( 1310 ) surface is coupled back 
into the fiber and divided by the first directional coupler 
( 1320 ) to result in an output beam ( 1350 ). This output beam 
( 1350 ) is then mixed with the reference beam ( 1330 ) at a 
second directional coupler ( 1360 ). As the CNF ( 1310 ) 
vibrates, it causes the path length of the output beam ( 1350 ) to 
vary. This variation of the path length causes modulation in 
the light intensity at the output, which is then monitored by a 
first photodetector ( 1370 ) and a second photodetector ( 1380 ). 
A differential output from the photodetectors (1370 & 1380 ) 
can be monitored using a digital signal analyzer. 

The examples set forth above are provided to give those of 
ordinary skill in the art a complete disclosure and description 
of how to make and use the embodiments of the present 
disclosure, and are not intended to limit the scope of what the 
inventors regard as their disclosure. Modifications of the 
above-described modes for carrying out the disclosure may 
be used by persons of skill in the art, and are intended to be 
within the scope of the following claims. All patents and 
publications mentioned in the specification may be indicative 
of the levels of skill of those skilled in the art to which the 
disclosure pertains. All references cited in this disclosure are 
incorporated by reference to the same extent as if each refer- 
ence had been incorporated by reference in its entirety indi- 
vidually. 

It is to be understood that the disclosure is not limited to 
particular methods or systems, which can, of course, vary. For 
example, the person skilled in the art will understand that the 
number steps or components shown is only indicative and that 
the method can occur in more or fewer steps and that the 
system may contain more or less components according to the 
various embodiments. It is also to be understood that the 
terminology used herein is for the purpose of describing 
particular embodiments only, and is not intended to be limit- 
ing. As used in this specification and the appended claims, the 
singular forms “a,” “an,” and “the” include plural referents 
unless the content clearly dictates otherwise. The term “plu- 
rality” includes two or more referents unless the content 
clearly dictates otherwise. Unless defined otherwise, all tech- 
nical and scientific terms used herein have the same meaning 
as commonly understood by one of ordinary skill in the art to 
which the disclosure pertains. 

A number of embodiments of the disclosure have been 
described. Nevertheless, it will be imderstood that various 
modifications may be made without departing from the spirit 
and scope of the present disclosure. Accordingly, other 
embodiments are within the scope of the following claims. 
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The invention claimed is: 

1 . A method of operating a nano-electro-mechanical reso- 
15 nator, comprising: 

applying to a first structural member of the resonator, a 
voltage signal containing an alternating current (AC) 
component, the first structural member having a non- 
contacting proximity relationship with a second struc- 
20 tural member, the second structural member comprising 
a carbon nanofiber, the non-contacting proximity rela- 
tionship characterized at least in part by: a) a gap width 
separating the first structural member from the carbon 
nanofiber and b) a coupling length factor defined on the 
25 basis of a portion of the first structural member that is 
oriented substantially parallel to a portion of the carbon 
nanofiber; and 

producing mechanical resonance on the carbon nanofiber 
via the voltage signal, thus operating the nano-electro- 
30 mechanical resonator wherein the first structural mem- 
ber is one of: a) a nanoprobe, b) another carbon nanofi- 
ber or c) a metal rod. 

2. The method according to claim 1, wherein the first 
structural member is a nanoprobe. 

35 3. The method according to claim 1, wherein the voltage 

signal further contains a direct current bias higher than a 
gating voltage. 

4 . The method according to claim 1 , wherein the carbon 
nanofiber comprises conductive sidewalls. 

40 5 . The method according to claim 1 , wherein the gap width 

is less than a threshold gap width for producing mechanical 
resonance on the carbon nanofiber. 

6 . The method according to claim 1, wherein the coupling 
length is greater than a threshold coupling length for produc- 

45 ing mechanical resonance on the carbon nanofiber. 

7 . The method according to claim 1 , further comprising: 
selecting length, inner diameter, and outer diameter of the 

carbon nanofiber based on a target resonant frequency at 
which to operate the nano-electro-mechanical resonator. 
50 8 . The method according to claim 1 , further comprising: 

generating an output voltage signal containing an output 
alternating current component on a third structural 
member by coupling the third structural member to the 
mechanical resonance on the carbon nanofiber. 

55 9 . The method of claim 8 , wherein phase difference 

between the output alternating current component of the out- 
put voltage signal and the alternating current component of 
the input voltage signal is 180 degrees. 

10 . The method according to claim 1 , further comprising 
60 generating an output optical signal based on the mechanical 

resonance on the carbon nanofiber. 

11 . The method according to claim 2, wherein the nano- 
probe comprises tungsten. 

12 . The method according to claim 2 , wherein the nano- 
65 probe has a tapered portion. 

13 . The method according to claim 12 , wherein the nano- 
probe has a planar portion opposing the tapered portion, the 
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planar portion configured to provide the gap width and cou- 
pling length factor with respect to the carbon nanofiber. 

14. The method of claim 1, further comprising: 
selecting the coupling length on the basis of a Q value, 

wherein the Q value is directly proportional to the cou- 
pling length. 

15. The method of claim 1, further comprising: 
selecting the gap width on the basis of a Q value, wherein 

the Q value is inversely proportional to the gap width. 

16. The method of claim 15, wherein the mechanical reso- 
nance comprises a deflection amplitude, the deflection ampli- 
tude inversely proportional to the square of the gap width. 

17. The method of claim 1, further comprising: 

using the first structural member to mechanically deflect 
the carbon nanofiber. 

18. The method of claim 17, wherein deflecting the carbon 
nanofiber comprises bending the carbon nanofiber to a first 
bending angle. 


14 

19. The method of claim 18, wherein the first bending angle 
is approximately 70 degrees. 

20. The method of claim 19, wherein bending the carbon 
nanofiber to approximately 7 0 degrees is characterized by the 

5 carbon nanofiber returning to an initial position without 
delaminating from a substrate upon which the carbon nanofi- 
ber is anchored. 

21. The method of claim 19, wherein bending the carbon 
nano fiber to approximately 7 0 degrees is characterized by the 
carbon nano fiber returning to an initial position without frac- 
turing the carbon nanofiber. 

22. The method of claim 18, further comprising: 

bending the carbon nanofiber multiple times to test for 

15 robustness of the carbon nanofiber in producing 
mechanical resonance. 



